This article proposes a comprehensive review of evaluation tools based on life cycle thinking, as applied to waste-to-energy. Habitually, life cycle assessment is adopted to assess environmental burdens associated with waste-to-energy initiatives. Based on this framework, several extension methods have been developed to focus on specific aspects: Exergetic life cycle assessment for reducing resource depletion, life cycle costing for evaluating its economic burden, and social life cycle assessment for recording its social impacts. Additionally, the environment-energy-economy model integrates both life cycle assessment and life cycle costing methods and judges simultaneously these three features for sustainable waste-to-energy conversion. Life cycle assessment is sufficiently developed on waste-to-energy with concrete data inventory and sensitivity analysis, although the data and model uncertainty are unavoidable. Compared with life cycle assessment, only a few evaluations are conducted to waste-to-energy techniques by using extension methods and its methodology and application need to be further developed. Finally, this article succinctly summarises some recommendations for further research.
Introduction
With rapid economic growth, expanding population and massive urbanisation, China faces serious challenges regarding the collection and elimination of its municipal solid waste (MSW). The safe disposal of MSW has received much attention to avoid serious environmental problems. In most developing countries, landfill is used most commonly, since it seems simple and inexpensive, but it occupies a lot of land and leachate may cause contamination to soil and groundwater (Mavakala et al., 2016) even long after the landfill is closed.
During the last decades, focus has shifted from final disposal towards developing a circular economy centring on resource and energy recovery. Waste-to-energy (WtE) becomes a key part of modern waste management and can reduce the dependence on fossil fuels. Also, landfills equipped with landfill gas collection can recover energy and produce heat and power. Thermal WtE techniques, such as incineration and co-combustion, feature large volume reduction and (limited efficiency) energy recovery. However, incineration also produces emissions, comprising dioxins and heavy metals (Beylot and Villeneuve, 2013) . Pyrolysis and gasification are proposed to improve energy efficiency and reduce environmental burdens (Panepinto et al., 2015b; Zheng et al., 2016) . However, except for Japan, large-scale application of novel techniques has not been achieved owing to technical and economic restrictions, and their advantages and drawbacks should still be balanced before envisaging their commercial and industrial application (Arena, 2012; Materazzi et al., 2013) . Hence, scientifically based assessment to determine the best waste management strategy is in urgent demand.
Until now, mainly mature methods, for example environmental impact assessment and environmental risk assessment (Finnveden et al., 2009; Yuan et al., 2015) , have been employed. Life cycle assessment (LCA) is a systematic and holistic tool to measure all inputs and outputs of materials and energy 'from cradle to grave', including all up-and downstream activities. LCA quantifies environmental impacts, including those on human health, the natural environment and resources, to support the decision-maker identifying the most appropriate scenario (Finnveden et al., 2009; ISO, 2006a) , selecting suitable strategies and comparing the energetic and environmental performances of different WtE options.
Still, environmental impacts cannot comprehensively reflect all aspects of these WtE systems. Advanced WtE techniques, for example thermal plasma (Bosmans et al., 2013) , can control the environmental burden better, but then causes supplemental economic or social burdens. Nowadays, sustainability is the new standard and demands for products or services should embrace all environmental, economic and social impacts. Within its basic framework, some methods have been developed to extend LCA, for example exergetic life cycle assessment (ELCA), life cycle costing (LCC), social life cycle assessment (SLCA) or environment-energy-economy (3E) models.
Several LCA reviews have been published on waste management: Othman et al. (2013) introduce LCA in Asian MSW management; Astrup et al. (2015) review 250 thermal WtE case studies published between 1995 and 2013. However, all focus on environmental LCA. This article centres on LCA and its extensions to WtE techniques. Major objectives are to: (i) review environmental LCA, applied to WtE; (ii) introduce ELCA, LCC, SLCA, the 3E-model and then generalise relevant studies on WtE; and (iii) identify and summarise current limitations, and provide recommendations for further expanding LCT studies on WtE.
Methodology

Scope of included studies
In this review, the treatment objective is limited to solid waste, including single or mixed MSW and bio-waste, while wastewater is excluded. Studies focusing on secondary waste management with pretreatment of refuse derived fuels/solid recovered fuels (RDF/SRF) or biofuel production are considered as the review scope. Studies on sewage sludge management are retained because it is typically regarded as solid waste (Laurent et al., 2014a) . However, studies concerning hazardous waste are eliminated because of its specific management.
This review has a focus on WtE techniques, thus at least one WtE technique scenario should be involved in the literatures reviewed. For LCA studies, only those with impact assessment using a characterisation method are considered, while those with only inventories of emissions but no impact categories are excluded. However, SLCA studies on conventional waste treatment are also kept in the review, because only a few SLCA case studies on WtE techniques have been published.
Selection of articles
Literatures selected for the statistical results in the review must meet the following overall criteria: (1) the objective of the study is solid waste; (2) the studies include at least one WtE technique scenario, except SLCA studies; (3) every study is in a life cycle perspective and the system boundary is throughout its entire life cycle; (4) the article must be written in English; (5) the article is published in a peer-reviewed scientific journal. All the cited literatures can be retrieved by the Google Scholar search engine. Reports are not contained in the results because of the searching approach and language criteria (Laurent et al., 2014b) . Most literatures in this review are published in the last 10 years and studies published until mid-year 2016 are included.
LCA on WtE techniques
According to ISO 14040 (ISO, 2006a) , a LCA procedure consists of four phases: Goal and scope definition, life cycle inventory (LCI), life cycle impact assessment (LCIA) and interpretation (ISO, 2006a (ISO, , 2006b .
A total of 78 scientific articles of environmental LCA studies on WtE are reviewed. The details of the articles, including the overview of geographical scope, LCA results and data inventory, are available in Table A .1, available as supplementary material available online. Figure 1 shows the geographical distribution of these studies and finds Europe provides the most LCA studies on WtE.
Goal and scope definition
Goal and scope definition, the fundament of LCA, explains the purpose of the study and defines its functional unit (FU), system boundary and allocation decisions.
System boundary. The system boundary allows to define and identify all input-and output-streams. Every study shows its system boundary in sufficient detail.
Some studies, however, explicitly exclude particular life phases of waste management, for example waste collection and transportation, when these are identical for all scenarios studied (Dong et al., 2014b; Evangelisti et al., 2015a Evangelisti et al., , 2015b Khoo, 2009) . Conversely, some studies simplify the system by excluding final disposal (Fruergaard and Astrup, 2011; Khoo, 2009) . Nessi et al. (2013) also include waste prevention activities in MSW management. Category 'Others' includes the countries that are not in Europe, Asia or America (see details in Table A .1, available online).
Simplifying assumptions are extensively used. Some studies comprise leachate treatment (Lou et al., 2015) , while others argue a lack of sound data (Dong et al., 2014b) . Most studies neglect soil contamination (Zaman, 2013) . Simplification should not render results unrealistic, however. Therefore, the system boundary should relate to actual practice and future studies should include the impact upon land use, wastewater and soil (Arafat et al., 2015; Finnveden et al., 2009; Leme et al., 2014; Zaman, 2013) .
Allocation. An allocation procedure is always important for multi-input and multi-output process. Common solutions solving the allocation problem are (ISO, 2006b): (1) dividing multistageprocesses into sub-processes, (2) expanding the system boundary, and identifying (3) physical or (4) other causality, for example economic value.
In WtE assessments, system expansion habitually allows avoiding open loop apportionment (Laurent et al., 2014b) . Heijungs et al. (2006) argue that avoided processes may introduce large uncertainty. Besides, a few allocations are based on physical causality, based for example on mass and energy (Bo et al., 2011; Chen et al., 2011; Cherubini et al., 2008) . Margallo et al. (2014) allocate all inputs and outputs of incineration by means of the mass of each waste fraction. Economic value is often used when no appropriate physical causalities can be identified (Azapagic and Clift, 1999; Shen et al., 2010) . Owing to missing data, simplified methods are commonly used: Applied in some early LCA studies, the 50/50 method assigns half of total emissions to the products, and the cut-off method ascribes all emissions to these products (Ekvall and Tillman, 1997; MartinezBlanco et al., 2010; Petersen and Solberg, 2005) .
Actually, allocation significantly influences upon the results reached in MSW treatment. Zhao et al. (2009a) apply both substitution and economic partitioning.
• • Substitution refers to the avoided environmental burden linked to co-products, for example the electricity from WtE facilities replacing conventional power, a solution similar to expanding the system boundary (Pelletier et al., 2015) . • • Economic partitioning addresses the economic value of products, as affected by market conditions (Nguyen and Hermansen, 2012 ).
For each scenario tested, the total greenhouse gas (GHG) emissions obtained by economic partitioning are usually higher than those obtained by substitution (Zhao et al., 2009a) . Heijungs and Guinée (2007) prefer partitioning to substitution because fewer data are required. Engelbertsson (1997) uses cut-off, 50/50 and the quality method, yet obtain dissimilar results in their LCA study. As for substitution, Jeswani and Azapagic (2016) vary the source of power and heat and the environmental impacts change considerably, demonstrating the need for sensitivity studies.
As WtE conversion is a multi-functional process, allocation becomes really critical. The use of different assumptions and apportionments render challenging any direct comparison of different literature sources.
LCI
Collecting appropriate data covering the entire materials and energy flow is both labour-and time-intensive (Ng and Yusoff, 2015) . While making an inventory, the data related to treatment (foreground system), should count with local specificities and those on the background system should be sufficiently representative. Table A .1, available online, lists the 78 scientific articles of environmental LCA studies on WtE reviewed: 50 report a concrete data inventory with all inputs and outputs, while 11 relegate that to the appendix; 12 only list a simple data inventory, comprising waste composition and few emissions, and five do not even mention a data inventory (Figure 2 ). This situation has improved for studies published in 2011 and beyond. The proportion of these studies with concrete inventory or appendix increases from 71% to 81%, compared with that before 2011. Today, as supplementary plant is put into operation, often providing full-scale operating data, the WtE database becomes well established.
LCIA
According to ISO (2006a ISO ( , 2006b , LCIA includes classification, characterisation, normalisation and weighting steps: Classification and characterisation are obligatory, while normalisation and weighting remain optional (ISO, 2006b) .
For the LCA studies in Table A .1, 45% studies only provide characteristic results; 29% studies show normalised results, some of which also provide characteristic results; weighting is included in 26% studies (Figure 3 ). There are no articles double counted. Characteristic results clearly reflect the environmental burden; weighting specifies the relative significance of each impact category and of factors, depending on stakeholder values and the goal of the study (Finnveden et al., 2009) . Ning et al. (2013) found the environmental damage from MSW incineration higher when using the ReCiPe method rather than by the Eco-indicator 99 method. Dreyer et al. (2003) advise on the choice of LCIA methods summarising the differences between Environmental Design of Industrial Products (EDIP), Institute of Environmental Sciences (CML) and Eco-indicator. Therefore, the LCA method should meet the purpose and demands of a study, yet its selection method mostly is ignored.
Interpretation
Results from LCIA. LCIA reflects the environmental burden and its results vary with waste type, treatment method, system boundary and datasets (Evangelisti et al., 2015b) . Table 1 The composition of MSW differs from country to country: In China, kitchen waste accounts for more than half, against only 28% in developed countries (Hoornweg and Bhada-Tata, 2012) . Some assumptions oversimplify the system when up-and downstream activities, for example residue disposal and transportation, are not included (Evangelisti et al., 2015b) . Some studies consider source separation and waste pre-treatment (Dong et al., 2013) .
Technology, the type of furnace, boiler, turbine or other equipment also influence upon environmental performance (Evangelisti et al., 2015a; Panepinto et al., 2015b; Yassin et al., 2009 ). Furthermore, variable parameter values may also alter results: Some studies on landfill with energy recovery assume the efficiency of biogas collection to be 50%, while others opt for 70% or 75% (Assamoi and Lawryshyn, 2012; Koroneos and Nanaki, 2012; Leme et al., 2014) . Also, the avoided burdens related to electricity generation greatly affects the results (Jeswani and Azapagic, 2016) .
Some case studies feature a hot spot analysis, to find out how each process section contributes to the environmental burden. Dong et al. (2013) find landfill the largest contributor to the global warming potential (GWP), releasing large amounts of methane (GWP of methane = 25 times than that of CO 2 ), while transportation makes only a small contribution. Evangelisti et al. (2015b) analyse 15 sections of a two-stage gasification and plasma process (see Table A .3, available online). A hot spot analysis reveals sections with significant environmental impact and a priority for improvement.
Discussion. Final interpretation is a substantial step owing to uncertainty of data, sources and model assumptions, and always involves sensitivity analyses, to confirm the robustness of the results and devise suggestions for improvement. Still, only half of our studies on waste treatment comply (Astrup et al., 2015) : Table 2 summarises the basis of several sensitivity analyses. Analysis proceeds by enhancing or reducing some parameter values by a certain percentage or by defining substitute solutions and then compare the variation of impact categories.
Sensitivity analysis can also discern a breakeven point: Dong et al. (2013) indicate that the GWP changes sign with separate collection at an efficiency about 40%-50%. Some studies account for changes following future policy requirements and developments in their sensitivity analysis (Fruergaard and Astrup, 2011; Hertwich et al., 2015; Pirotta et al., 2013) . For robust results, sensitivity analysis needs sufficient attention and additional development.
Extension methods to WtE techniques
LCA alone cannot comprehensively evaluate various WtE options. Meanwhile, sustainability gains growing attention. The 6th and 7th EU Framework Programme put forward the development of sustainability assessment regarding, for example environment, economy and society (Finnveden et al., 2009; Zamagni et al., 2009) . Within the LCA framework, several extension methods have been developed, as shown in Table 3 .
ELCA
The inputs of materials and energy, especially fossil fuel resources, cannot be exactly expressed and characterised in environmental LCA. Therefore, exergy is integrated into LCA. Exergy is the maximum amount of energy that can be entirely converted into other forms of energy. Exergy analysis expresses all inputs of materials and energy in the same unit and reflects the efficiency of each stage of the process. It shows where exergy losses take place and how to minimise irreversibility (Tang et al., 2016) . It makes no distinction, however, between abiotic and biotic resources (Cornelissen, 1997) . Table A .1, available online). 'Characteristic results' contains the studies with only classification and characterisation steps; 'Normalisation results' includes the studies involving normalisation step but no weighting step; 'Weighting results' covers the studies involving weighting step. There are no articles double counted. The ranges in the brackets also include extreme results, which are much higher or lower than those in most studies. Sources: Banar et al., 2009; Chaya and Gheewala, 2007; Erses Yay, 2015; Evangelisti et al., 2015b; Gunamantha, 2012; Hong et al., 2010; Hong et al., 2006; Leme et al., 2014; Menikpura et al., 2012; Özeler et al., 2006; Tan et al., 2015; Wang et al., 2015; Zaman, 2010. ELCA can be regarded as an exergy analysis 'from cradle to grave'. Szargut et al. introduce the concept of cumulative exergy consumption (CExC) to measure natural resource depletion. CExC not only calculates fuel extraction, but also the consumption of non-energetic raw materials, representing the gross exergy of all resources consumed during production and analysing their cumulative effect.
Zero-ELCA involves all environmental problems related to resources and emissions (Van der Vorst et al., 2011) as a method associating ELCA with abatement exergy. Abatement exergy, however, cannot reflect complicated environmental impacts. Therefore, LCA and ELCA are applied together. The natural resource depletion is calculated by ELCA, while LCA quantifies the other environmental burdens.
Numerous exergy analyses are published, but only few ELCA studies, applied to topics such as renewable energy (Granovskii et al., 2007) , building design (De Meester et al., 2009; Wang et al., 2005) and WtE techniques (Dong et al., 2014a; Talens Peiró et al., 2010) . Cornelissen and Hirs (2002) adopt ELCA to quantify the depletion of natural resources related to different waste wood treatments. Dong et al. (2014a) evaluate sewage sludge treatment by LCA and find that thermal drying-incineration, based on environmental sustainability, present the best performance.
ELCA also indicates the losses of natural resources and irreversibility of each process section. Talens Peiró et al. (2010) find that transesterification exerts the greatest impact in biodiesel production. For integrated gasification and cogeneration of biomass (Stanek et al., 2014) , the thermo-ecological cost (TEC) is adopted to embody the cumulative consumption of non-renewable exergy from natural resources, as earlier based on CExC (Stanek, 2009; Szargut, 1986 ) (see Table A .3, available online). Stanek et al. (2014) find the biomass plant to perform better than plant fed with non-renewable energy, since it is saving non-renewable resources.
Natural resources are the material basis of sustainable WtE conversion and ELCA plays an essential role in its assessment. However, the number of ELCA studies on advanced WtE is still small. WtE techniques should consume less energy and materials and lower their emissions. Thus, exergy should appear in their assessment, and ELCA can complement LCA here.
LCC
Economy is another significant factor for decision-makers evaluating waste treatment strategies. Some mature methods are widely used, for example cost-benefit analysis (Yang et al., 2015) , economic input-output analysis (Guan and Hubacek, 2007) , and exergo-economic analysis (Kalinci et al., 2011) . However, the above methods cannot perfectly be combined with LCA and a method with the framework like LCA is desirable.
LCC was first used by the US Department of Defence in the mid-1960s (Ilinitch et al., 1999) . It summarises all costs during the entire life cycle in monetary units. Although the standards and guidelines of LCC are not complete, it is often applied to waste treatment, both as a traditional LCC and an environmental LCC.
Traditional LCC. Traditional LCC (or financial LCC) aims to estimate all monetary costs, for example investment, operating, decommissioning costs and projected revenues.
Investment costs cover, for example land acquisition, design and construction. For WtE facilities, the main items are plant costs, including land preparation, building and equipment costs, and indirect costs (Yassin et al., 2009 ). In the UK, investment cost for 32-360 ktpa (kilo-tonnes per annum) pyrolysis and gasification plants ranged from €11-130 million (McLanaghan, 2002) . In Europe, investment costs were €18-140 million for 50-400 ktpa waste incineration plants (Yassin et al., 2009 ). The Lahti plant in Finland is a 250 ktpa waste gasification power plant and its total investment cost amounted to approximately €160 million (Bolhàr-Nordenkampf and Isaksson, 2014) .
Operating costs are incurred during operation and maintenance. They can be split over waste receiving, pre-treatment and treatment, energy recovery, fuel gas cleaning and residues treatment. Operating costs comprise labour, materials and utilities, such as power, water, compressed air. Decommissioning costs should also be accounted for realistically: Waste management often pollutes soil and groundwater.
Projected revenues in WtE processes mainly consist of gate fees, sales of electricity, recovered materials and secondary aggregates like treated clinker or bottom ash. Gate fees are paid by the government to offset the costs of the treatment and disposal of the waste according to the national polities and market conditions. In Europe, a new large-scale waste incineration plant is likely to command a fee of ca. 100 € t -1 , to be compared with €50-77 t -1 times ago in the UK (McLanaghan, 2002) . For MSW treatment, detailed investment cost is available from periodic tenders and operating cost for different scenarios is listed by operators. Decommissioning costs are almost always neglected, hoping that the sale revenues of the plant can compensate for demolition cost (Dong et al., 2014c; Panepinto et al., 2015a) .
For an incineration scenario in China, total investment cost amounted to 27.36 CNY t -1 MSW, including land acquisition, investigation and design, construction and equipment; the total operating cost was 116.32 CNY t -1 MSW including materials, utilities, labour cost, final disposal, maintenance and overhead; the revenue from power generation was 108.90 CNY t -1 MSW (Dong et al., 2014c) . Yassin et al. (2009) analyse the relationship between reliability and scale; waste gasification has limited commercial operation and financial incentives greatly contribute to its commercialisation. Technical feasibility and adequate operating experience on waste with similar characteristics are essential to avoid disappointment or failure, when opting for ill-proven or tentative technology. Hu et al. (2014) use net present value (NPV), internal rate of return (IRR) and investment payback period (IPP) to evaluate financial feasibility and viability of producing briquetted fuel from agricultural residues. A study on sewage sludge treatment adopts IRR with and without incentives to represent commercial reality and risk of change (Mills et al., 2014) . Economic indexes are also applied to LCC studies (Chau et al., 2009; Delivand et al., 2011) . All costs are estimated at their present value and a discount rate is taken into account to represent the time value of money. Concerning financial feasibility and future risk, a discount rate is set at 10% and the lifetime 15 years (Hu et al., 2014) , while some studies set the discount rate at 6% with 20 years (Pirotta et al., 2013) or to 5% in an economic assessment of WtE processes in China (Dong et al., 2014c) .
For realising a comprehensive evaluation, it is essential to match LCC and LCA: Traditional LCC for financial and LCA for environmental burden. Dong et al. (2013) find all scenarios profitable and source-separated collection even most, because of revenues from selling recyclables; these results support source-separated MSW collection, while LCA shows that it performs better on GHG emissions. Khoo (2009) evaluates eight advanced WtE techniques by both LCC and LCA, and the LCA assumptions on transportation and emissions are also available for economic assessment.
However, lack of reliable data hampers the quality of assessment and the use of substitute default data reduces its accuracy. It is necessary to improve the database of market prices. Sensitivity analysis can be used to evaluate robustness with minimum and maximum estimates. In Brasil, Leme et al. (2014) test a wide variation (±80%) of foremost economic parameters and find that the prices of electricity and certificate emissions reductions have a big impact on the economic performance of the landfills. Hu et al. (2014) prepare a sensitivity analysis, changing each economic parameter in the cost list by ±20% and evaluating the variation of NPV, IRR and IPP to identify the most prominent parameter. Yassin et al. (2009) also vary 15 different variables by ±10% to see their impact on levelised costs and gate fees (see Table A .3, available online).
Combining LCC and LCA yields final results in multiple units and a rational scientific weighting method still should be adopted to integrate environmental and economic factors into a single, comprehensive result.
Environmental LCC. Environmental LCC is a method to express environmental impacts in monetary units. Combining environmental and traditional LCC allows the environmental and economic burdens to be expressed in monetary terms. Thus, environmental LCC supplements the traditional LCC; still, one should make sure that no overlap or gaps of costs outlast their combination (Hochschorner and Noring, 2011; Swarr et al., 2011) . For example, environmental levies should only be accounted once.
Weighting methods are established by several authors on emissions to air, water and soil and their social appraisal by stakeholders, for example ECON (Reich, 2005) , EPS (Taufiq and Padmi, 2016) and EcoTax (González et al., 2012) . Reich (2005) evaluates waste incineration, biological treatment, recycling and landfilling using traditional and environmental LCC: Regardless of the weighting methods selected, landfills should pay the highest environmental cost, while the environmental cost for biological treatment is much higher when evaluated by ECON'95 than by EPS 2000 and EcoTax'99.
Nevertheless, environmental LCC is still confronted with some difficulties, because of: (1) a lacking standardised and authoritative weighting method; (2) lacking market price or other penalties for emissions (Menikpura et al., 2016) ; and (3) the difficulty to reflect complex environmental issues in monetary units.
Some environmental LCC oversimplify the environmental burden and influence the decision-makers' judgment (Gluch and Baumann, 2004) .
Financial feasibility and viability are required for WtE plant, before being put into commercial operation. LCC is an excellent econometric method, complementing LCA. For realising more accurate assessments, the database from different regions needs still to be improved. Furthermore, a standard or guideline for environmental LCC is still lacking. A widely accepted specification is important for the external costs to reflect environmental impacts scientifically.
SLCA
In China, MSW generation still grows and WtE facilities are increasingly responsible for waste disposal. However, a social burden hinders the licensing, construction and operation of further WtE facilities. People fear the emissions from WtE facilities and develop 'not in my backyard' attitudes. Thus, social impact is an important consideration for decision-makers.
Based on the UNEP-SETAC Guidelines (UNEP-SETAC, 2009), SLCA provides a methodological approach for evaluating any social impacts of products or services throughout their life cycle. SLCA studies still analyse social impacts qualitatively and cannot always summarise this information adequately per functional unit. In SLCA, the functional unit only indicates the research object and it is still difficult to relate any social impacts to this functional unit.
Stakeholders are important factors in SLCA study and assist in identifying social issues and impacts. UNEP-SETAC Guidelines (UNEP-SETAC, 2009) cite five stakeholder groups (labour, local community, society at large, consumers and value chain actors) in the framework, together with special social subcategories.
Social impact includes numerous potential issues. The UNEP-SETAC Guidelines list more than 100 indicators, many of which are rather ambiguous (Baumann et al., 2013) . Several social indicators are directly concerned and reflected for WtE processes, for example contribution to local employment (Lehmann et al., 2013) . Thus, relevant stakeholder categories and proper social indicators should be selected. Manik et al. (2013) assess palm oil biodiesel for 24 social criteria and subdivided these into five social impact categories with weight factors (see Table A .4, available online).
These social indicators are expressed in quantitative, semiquantitative or qualitative terms. Hu et al. (2014) evaluate the social impacts of briquette fuel on energy safety, utilisation of agricultural wastes and rural development qualitatively. Some quantitative indicators can be measured directly, for example number of weekly working hours and fair salary. Disability adjusted life years is adopted in LCA studies to assess human health impacts quantitatively (Stylianou et al., 2015) .
For SLCA, data are collected through onsite observations and interviews with relevant stakeholders. Questionnaires are often used for data collection (Umair et al., 2015) . Besides, some databases have been established, for example the Global Trade Analysis Project database and the Social Hotspots Database (SHDB) (Chhipi-Shrestha et al., 2014) . However, results with generic data from statistical databases are rough and site special data can reflect the social impacts more accurately (Weidema, 2006) .
The UNEP-SETAC Guidelines (UNEP-SETAC, 2009) provide the framework of SLCA but still lack standardised characterisation methods for calculating social impacts from inventory data. A majority of social indicators cannot be expressed directly in quantitative terms and scoring methods are used to indicate their level, for example a score system with seven impact levels from 1 = minor and 7 = most important (Manik et al., 2013) , or one assigning 1 for yes and 0 for no (Lehmann et al., 2013) . Fortunately, some scientific methods are proposed for scoring and weighting systems, for example Performance Reference Point, impact pathways method (Chhipi-Shrestha et al., 2014; Macombe et al., 2013; Parent et al., 2010) . Performance Reference Point is to set thresholds to help in understanding the importance of the data, while impact pathways are based on causal-effect chains (Parent et al., 2010) . However, such scoring systems remain subjective and full of uncertainty.
Only few SLCA case studies have been published and none on advanced thermal WtE techniques. Hence, Table 4 summarises some waste treatment scenarios in SLCA studies. Umair et al. (2015) appraise four social impacts from electronic waste with data derived from onsite observations (see Table A .3); the stakeholders include workers, society, local community and value chain actors and each with, respectively, 8, 3, 2 and 2 subcategories. The results express that electronic waste recycling provides employment and promotes economic development, but negatively affects other social impacts (especially health impacts for workers and local community).
In a SLCA study on biodiesel from palm oil, Manik et al. (2013) adopt a weighting system filled in by 30 experts representing different groups, who are invited to rank every impact category using questionnaires with a multi-criterion decision analysis.
The review provides a brief overview of current development and its research status on waste treatment. The following should be considered in further development (Chhipi-Shrestha et al., 2014; Kloepffer, 2008 Table 4 ).
The 3E model
An assessment of environmental or economic features still cannot satisfy all requirements regarding sustainable WtE conversion. Although numerous studies adopt both LCA and LCC and propose a 3E analysis, few studies aggregate their results on 3E into one single comprehensive figure (Dong et al., 2014c) . Most studies supply separate 3E results with a qualitative comparison (Leme et al., 2014; Tan et al., 2015) . The 3E model is a scientific and rational model providing weighted 3E results: LCC focuses on economic burden, LCA reflects environmental impacts and energy consumption; finally, the 3E model integrates these three aspects simultaneously, as shown in Figure 4 (Reich, 2005; Silvestre et al., 2013) . Still, some inconsistencies between LCC and LCA should be eliminated (Dong et al., 2014c , Norris, 2001a , 2001b Weight assignment methods may use subjective as well as objective indicators: The first are estimated by experts or stakeholder groups and influenced by subjective human factors; objective indicators derive from data analysis based on mathematical methods, for example the analytic hierarchy process (AHP) or the distance-totarget method. Some 3E models are commonly used, for example bottom-up and top-down models (Kahouli-Brahmi, 2008) : The former evaluates the system from the detailed engineering technology, especially for energy demand, for example the MARKAL model (Sarica and Tyner, 2013) ; the latter focuses on aggregated economic parameters but supplies minimal details on energy, for example the calculable general equilibrium model (Guivarch et al., 2009) .
Multi-criteria decision making (MCDM) is a method to analyse multiple conflicting criteria and is suitable to integrate 3E results (Zavadskas et al., 2014) . Proposed for MCDM applications in an assessment (Dong et al., 2014c) , technique for order preference by similarity to ideal solution (TOPSIS) is adopted to rank scenarios, combined with AHP for weight calculation; according to the TOPSIS results, incineration is the best scenario and landfill without energy recovery the worst. To ensure the robustness of their results, Dong et al. (2014c) subdivide the stakeholders into government, enterprise and residents and propose a weight factor analysis. Mora (1996) presents a linear programming (LP) model to determine the most environmentally friendly, energy-efficient and cost-effective scenarios for MSW management. However, LP modelling is limited to cases with few combinations of waste flow routes since too many combinations make the mathematical equations non-linear.
Sustainability is the responsibility of present people for future generations. Life cycle sustainability assessment (LCSA) might be a next hotspot for future LCA. According to the UNEP-SETAC Guidelines (Benoît Norris et al., 2013; Valdivia et al., 2011) , LCSA may integrate LCA, LCC and SLCA and reflect the performances of the system in all its aspects. Like the 3E model, LCSA is a transdisciplinary integration model and it is difficult to implement intergeneration fairness. However, LCSA is still in a fledging period and the complexity, uncertainty and inconsistency of separate methods still need to be resolved (Halog and Manik, 2011; Zamagni, 2012) . The 3E model tries to find the environmentally friendly, energy-efficient and cost-effective strategies and can be adopted to evaluate WtE techniques successfully. For future research, the 3E model can also be extended towards a 3E+S (society) model for sustainable WtE conversion. Furthermore, it is possible to replace energy with ELCA in a 3E model to focus on natural resource depletion and process irreversibility.
Summary and recommendations
With still rising amounts of waste in China, waste management is one of the remaining core issues and a systematic and scientific assessment method is necessary to assess WtE techniques. This review surveys those LCT studies on WtE techniques, emphasising their environmental, exergetic, economic and societal aspects. LCA is sufficiently developed and widely accepted for WtE environmental evaluation: The data inventory is more and more concrete and the detailed descriptions of mass and energy flow are provided in most studies; sensitivity analysis is widely considered to decrease uncertainty; allocation and characterisation are evolved into many methods and selection of proper methods should be closed relevant to the purpose of the study; according to reviewed studies, the environmental impact results of WtE techniques are lower than those of the conventional MSW treatment methods.
Based on the life cycle perspective, extension methods have been developed. ELCA indicates the natural resources depletion of WtE techniques and the irreversibility of each process section for optimisation. Besides, simple environmental burdens can also be reflected by Zero-ELCA with abatement exergy.
LCC is an excellent economic assessment tool. On the basis of whether environmental impacts are involved, LCC can be divided into traditional LCC and environmental LCC: Traditional LCC only focuses on monetary costs, while environmental LCC expresses environmental impacts in monetary units. Traditional LCC is often applied to waste treatment and combined with LCA to provide environmental and economic results, respectively; however, environmental LCC is still confronted with many difficulties, for example lack of market prices of emissions and authoritative method.
The 'not in my backyard' attitude is an impediment to WtE facilities; SLCA can reflect the social burden of WtE in quantitative term; according to SLCA results, WtE techniques provide positive effects on some social indicators; however, its methodology and application need to be further developed. The 3E model integrates both LCA and LCC methods and aggregates their results on 3E into one single comprehensive figure with a mathematical method for sustainable WtE conversion.
ELCA, LCC, SLCA and 3E models make sense for WtE techniques on respective aspects. However, compared with LCA, only few evaluations are conducted to WtE techniques by using extension methods, especially regarding advanced thermal WtE techniques. Besides, there are many other limitations mentioned in the review. Based on the reviewed literature, some recommendations can be made for further assessment of WtE techniques.
(i) The scientific assessment on WtE should consider not only their environmental burden, but also the resource depletion, economic efficiency, social impact and sustainable development. Besides, most case studies focus on incineration, while advanced thermal WtE techniques (e.g. pyrolysis, gasification) should also be considered. (ii) For LCA, the system boundary should closely relate to the practical context and the study should avoid any assumptions that improperly oversimplify the system, creating additional uncertainties. However, data and model uncertainty are unavoidable. Thus, each study should provide a detailed inventory of its inputs and outputs, including all mass, substance and energy flows. Sensitivity analysis is essential for LCA and its extensions; yet, it should be closely related to the purpose of the study. (iii) For LCC, the selection between traditional or environmental LCC depends on the goal pursued. For environmental LCC, it is essential to not oversimplify the environment status and that there is neither overlap nor gaps of costs between environmental and economic impacts. (iv) SLCA is not yet a mature assessment method and it should still be optimised on WtE systems, for example the specific social issues, characterisation and weighting factors. (v) For the 3E model, it is still difficult to provide one integrated result from three widely different aspects with diverse units and orders of magnitude. Weighting factors supplied from mathematical methods can extend its scientific base. (vi) Sustainability is a sore issue and LCSA might become a research hotspot for future LCA: It integrates LCA, LCC and SLCA and reflects the comprehensive performance of the system. The present 3E model can be adopted to find the most environmentally friendly, energy-efficient and cost-effective strategies. For future research, the 3E model can be extended toward a 3E+S model for sustainable WtE conversion.
Thus, this review introduces LCA, ELCA, LCC, SLCA and 3E models with a special view on WtE techniques. These models should help decision-makers select and optimise appropriate waste treatment strategies. Moreover, this review can play a role in the development of assessment methods.
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